However, the poor mass transfer between the active components of the intercalated catalysts and organic substrates is one of the challenges that limit their further application. Herein, we fabricate a novel heterogeneous catalyst by intercalating the polyoxometalate (POM) of Na9LaW10O36·32H2O (LaW10) into layered double hydroxides (LDHs), which has been ovalently modified with ionic liquids (ILs). The intercalation catalyst demonstrates high activity and selectivity for epoxidation of various allylic alcohols in the presence of H2O2. Taking trans-2-hexen-1-ol as an example, it shows up to 96 % conversion and 99 % epoxide selectivity at 25 oC in 2.5 h. To the best of our knowledge, the Mg3Al-ILs-C8-LaW10 composite material constitutes one of the most efficient heterogeneous catalysts for epoxidation of allylic alcohols (including the hydrophobic allylic alcohols with long alkyl chains) reported so far.
Introduction
Epoxidation of allylic alcohols is of great importance [1] [2] [3] [4] [5] since the resultant epoxides are widely utilized as raw materials for epoxy resins and as building blocks for synthesis of fine chemicals and biologically important pharmaceuticals [6] [7] [8] . The application of epoxides is growing rapidly every year in chemical industry, giving rise to remarkable attentions in scientific community and industry.
To date, a large number of catalysts have been investigated for expoxidation, in which polyoxometalates (POMs), such as [WZnM2 (ZnW9O34) [11] etc, have
shown to be efficient for expoxidation reactions. However, the common issues associated with the homogeneous catalysts, such as the easy agllomeration and difficulty during the recycling process largely restrict their application. The urgency of environmentally-benign and sustainable approaches to chemical processes stimulates the requirement for recyclable heterogeneous catalyst as alternative to unfavorable homogeneous catalyst. Under such circumstances, some heterogeneous catalysts including Mo-AMP-CuBTC (AMP = 4-aminopyridine; BTC = benzene-1,3,5-tricarboxylate) [12] , vanadium-based complexes [13] and Co-MCM-41 [14] , were developed and applied for epoxidation of allylic alcohols. For these heterogeneous catalytic systems reported so far, 1) toxic organic solvents or additives such as toluene, dichloromethane etc were used [13, 15] , which are generally highly corrosive and carcinogenic, and require frequent and laborious work-up treatments; 2) the accessibility of the substrates and the active components was limited [16] ; 3) these systems exhibit quite often catalyst leaching and thermal stability issues, thus no scale-up experiments were carried out [17] . Consequently, it is of great significance to develop efficient, recyclable, and environmentally-benign heterogeneous catalytic systems for epoxidation of allylic alcohols.
Ionic liquids (ILs) can be used as novel green solvents or advanced catalytic materials, which are receiving keen interest currently due to their unique properties such as intramolecular forces, ionicity, polarity, and their inherent nature [18] . As a result, research involving ILs is expanding to many different areas of knowledge [1, 19, 20] .mH2O [21, 22] . The 2D inorganic matrix of LDHs consist of brucite-like host sheets with edge-sharing octahedra and the lateral particle sizes range from nanotmeter to micrometer scale.
On the basis of previous reports, it can be summarized that an efficient heterogeneous catalytic system for expoxidation should take into consideration of the following aspects: a) green solvents or solvents-free medium should be applied; b) close proximity of the substrates and the active species; c) structural stability of the catalytic system. Bearing these in mind, we report the design and fabrication of a novel heterogeneous catalyst by intercalation of Na9LaW10O36·32H2O (LaW10) into ionic liquids (ILs) modified LDHs. The intercalation catalyst shows highly efficient epoxidation of various allylic alcohols in the presence of H2O2 at 25 o C under organic solvent-free conditions. 
Results and Discussion
Preparation and characterization of Mg3Al-ILs-Cn-LaW10. Mg3Al-ILs-Cn-LaW10 (n = 4, 8, 12) were prepared according to the procedures illustrated in Scheme 1. First, the Mg3Al-NO3 was exfoliated into LDH-nanosheets in formamide solution. Next, the (EtO)3Si-ILs-Cn (n = 4, 8, 12) was covalently anchored onto the LDHs layers via condensation reaction. Further on, the Mg3Al-ILs-Cn-LaW10 was obtained by adding LaW10 into the above mixture. Such exfoliation and assembly strategy has been applied successfully in a number of POMs/LDHs composites. [25] ; C) TG-DTA profile of Mg3Al-LaW10 (red) and Mg3Al-ILs-C8-LaW10 (blue).
As shown in Figure 1A , FT-IR spectrum of LaW10 exhibits characteristic peaks at 941, 842
and 783 cm-1, which can be attributed to the vibrations of W-Ot, W-Oc-W and W-Oe-W (t, terminal; c, corner-sharing; e, edge-sharing), [26] respectively. These W-O stretching bands can be clearly spacing (Table S1) , [30] which are in good agreement with the diameter of the short axis of the LaW10 cluster. [31] This observation suggests that the LaW10 clusters are intercalated with the short axis perpendicular to the layers of LDHs. As shown in Figure 2a , the Mg3Al-LaW10 and Mg3Al-ILs-C8-LaW10 exhibit a type I adsorption isotherm at relative lower pressure (P/P0< 0.1), and a H3 type N2 hysteresis loop at relative higher pressure (P/P0> 0.6) according to BDDT (Brunauer, Deming, Deming and Teller)
classification, indicating the presence of both interlayer micropores and inter-particlemesopores.
Furthermore, the surface areas of Mg3Al-LaW10 and Mg3Al-IL-C8-LaW10 are 59.56 and 63.16 m2/g (Table S1 ), respectively. The pore diameter distribution of Mg3Al-ILs-C8-LaW10 is calculated by the Barret-Joyner-Halenda (BJH) method showed a peak centered at around 5.87 nm ( Figure 2b ).
The X-ray photoelectron spectroscopy (XPS) was used to characterize the Mg3Al-ILs-C8- To illustrate the interaction between the catalyst and the allylic alcohols under the experimental conditions, the amphiphilic properties of the catalysts were investigated. As shown in Figure 4c , the contact angle of approximately 149o indicates that the Mg3Al-ILs-C8-LaW10 is highly hydrophobic. In the case of Mg3Al-ILs-C12-LaW10, upon increase of the alkyl chain length, it
shows an increase of the contact angle to a value of 151°. In contrast, the contact angles of Mg3Al-LaW10 and Mg3Al-ILs-C4-LaW10 are 57° and 78°, respectively (Figure 4a-d) . These results suggest that after ILs modification of the LDHs layers, the hydrophobicity increases according to the following sequence Mg3Al-ILs-C4-LaW10 < Mg3Al-ILs-C8-LaW10 ≈ Mg3Al-ILs-C12-LaW10, ensuring readily access of the substrate to the catalytic site due to the hydrophobichydrophobic interactions. Figure S6 . Table 1 To confirm that the catalyst of Mg3Al-ILs-C8-LaW10 is a truly heterogeneous catalyst, the epoxidation reaction of allylic alcohol was carried out using Mg3Al-ILs-C8-LaW10 as the catalyst and H2O2 as the oxidant at 25 oC under solvent-free conditions. When the conversion reaches about 55 % in 1 h, the solid catalyst can be filtered by simple filtration. The reaction mixture is allowed to proceed under the same experimental conditions. It was observed that no additional trans-2-hexen-1-ol can be transformed into the corresponding epoxides (Figure 5d ). While the solid catalyst Mg3Al-ILs-C8-LaW10 is added back to the reaction mixture, the catalytic reaction continued at the expected rate. This result suggests that Mg3Al-ILs-C8-LaW10 is a true heterogeneous catalyst. To demonstrate the wide applicability of the catalytic system, epoxidation of various allylic alcohols were carried out at 25 oC under solvent-free conditions. As shown in Table 2 , the Mg3Al-ILs-C8- Interestingly, the highly efficient epoxidation results for geraniol is due to the fact that the oxygen transfer takes place to the proximal 2,3-allylic double bond rather than to the remote 6,7-double bond, leading to the regioselective epoxidation of geraniol. [2, 10, 33] In contrast, Mg3Al-LaW10 exhibited much lower conversion due to the poor mass transfer ability in the absence of the grafted ionic liquids. The catalytic activity for epoxidation of various allylic alcohols using Mg3Al-ILs-C4-LaW10 and g3Al-ILs-C12-LaW10 are listed in Table S2 -3. 
Opimization of catalyst. As shown in

Comparison with other reported heterogeneous catalyst: Catalytic epoxidation of trans-2-
hexen-1-ol using different heterogeneous catalysts reported in the literature are summarized in Table   3 . The epoxidation of trans-2-hexen-1-ol using Mg3Al-ILs-C8-LaW10 as catalyst exhibits two prominent features including 1) solvent-free condition and 2) excellent epoxidation conversion Note: a. Unless specified, the oxidant is H2O2 in most case; b. TBPH as oxidants; c. peracid as oxidants.
For MgAl-WZn3(ZnW9O34)2, higher temperature was applied (50oC) in order to achieve good catalytic results (entry 13 respectively, under solvent free conditions. To the best of our knowledge, Mg3Al-ILs-C8-LaW10 is one of the most efficient heterogeneous catalysts for epoxidation of allylic alcohols. FT-IR spectra of the fresh and reused catalyst Mg3Al-ILs-C8-LaW10 exhibit nearly same peaks at 1658; 936, 840 and 778 cm-1 (Figure 6b ), which could be assigned to the C=N stretching vibrations of ILs and the vibration associated with the LaW10 cluster, respectively. Compared the solid-state 29Si crosspolarization magic-angle spinning (CP/MAS) NMR spectra of the fresh and recycled Mg3Al-ILs-C8-LaW10, they both exhibit the resonance at -66.7 ppm (Figure 6c ).
Moreover, the oxidation state of W in fresh and recycled Mg3Al-ILs-C8-LaW10 is +6, indicating the good stability of the LaW10 active centers (Figure 6d ). These results reveal that the structure of the recycling catalyst Mg3Al-ILs-C8-LaW10 retained its structural integrity, composition and performance during the series of consecutive catalytic cycles.
We propose a possible catalytic mechanism for the current epoxidation ( Figure S9 ). [2, 4, 44] Firstly, the catalytic active species of peroxotungstate are generated by LaW10 located in the restricted region of LDHs in the presence of H2O2; Secondly, the -H bond in the allylic alcohols could get access to the active species by ligating to tungstate atom to form a tungstenalcoholate species; Subsequently, the deprotonation of the O-H bond of an allylic alcohol is accompanied by a proton transfer to the peroxo ligand; Further on, the peroxide part forms an electronegative conjugated system followed by a double bond formation generating an intermediate state (step 3);
Finally, the epoxides are formed, leading to the original structure of W coordination (step 4).
Conclusion
In summary, the POM anion of LaW10 has been successfully intercalated into the ionic liquids adsorption/desorption isotherms were measured using a Quantachrome Autosorb-1 system at liquidnitrogen temperature. 1H-NMR and 13C-NMR spectra were recorded on a Bruker AV400 NMR spectrometer at resonance frequency of 400 MHz, and the chemical shifts were given relative to TMS as the internal reference. The products of the catalytic reactions of allylic alcohols were analysed by Agilent 7820A gas chromatography (GC) system using a 30 m 5 % phenylmethyl silicone capillary column with an ID of 0.32 mm and 0.25 μm coating (HP-5). The products were identified using reference standards.
Synthesis of Mg3Al-ILs-Cn-LaW10 (n=4, 8, 12): Mg3Al-NO3 (0.5 g) was added into 500 mL of formamide in a three-necked flask, which was purged with N2 to avoid carbonate contamination.
The mixture was vigorously stirred for 2 days. After that, the mixture was centrifuged for 10 min and the suspension was separated simply by filtration. Then, (EtO)3Si-ILs-Cn (4.4 mmol, n=4, 8, 12) was dissolved in CH3CN/CH2Cl2 (1:1, 5 mL) and added dropwise to the above isolated suspension. After that, the reaction mixture was kept for stirring under N2 for 24 hours. The LaW10
(1.85 g) was dissolved in 50 mL formamide and added dropwise to the above solution. The resultant precipitate of Mg3Al-ILs-Cn-LaW10 (~1.0 g) was collected by filtration and washed with ethanol and water, and dried under vacuum overnight.
Catalytic test:
In a typical experiment, a mixture of 2 mmol trans-2-hexen-1-ol, 2.4 mmol H2O2 (30 wt. %), and 20 mg catalyst (3.88 μmol based on LaW10) were added into a 10 mL glass bottle at 25 oC and the reaction mixture was kept for stirring vigorously. The reaction was effectively quenched by adding diethyl ether (6 mL) and H2O (1.5 mL) after 2.5 hours. The resulting products were extracted by diethyl ether, analyzed by GC and identified by 1H-NMR and 13C-NMR to determine the conversion and selectivity.
